Introduction
The Standard Operating Procedure (SOP) described herein for assessing the properties of nanotechnologies was developed under Task 2: Optimized Scientific Methods of the U.S. Army Engineer Research and Development Center/Environmental Laboratory Environmental Consequences of Nanotechnologies Research Program. The primary goal of this task was to develop robust SOPs for investigating the environmental health and safety (EHS)-related properties of nanotechnologies, including nanomaterials and products incorporating nanomaterials.
X-ray diffractometry is typically used to identify mineralogy in a sample and determine weight percentages of minerals in an unknown sample (Jenkins and Snyder 2012; Langford and Wilson 1978; Weidenthaler 2011; Whittig and Allardice 1986) . However, X-ray diffractometry can be used to determine the size of crystallites in a material. This can be a useful tool in determining the size and mineralogy of nanoparticles. This SOP describes how to determine the mineralogy, crystallite size, structural characteristics, and number of nanoparticles in a material by using X-ray diffraction (XRD). First, a quick look at the background or history of XRD analysis, possible pitfalls that are associated with analysis, and available software for analysis is presented. Liquids, gels/ creams, polymers and solids, are only a few of the many types of materials that contain nanoparticles. There are various supplies and apparatus needed to analyze these materials and procedures for sample preparation may vary. Finally, methods for reporting the data obtained are discussed.
Scope
This SOP is used to characterize a nanomaterial by means of XRD. The two main properties identified by XRD are (1) the phase composition / mineralogy of the material in question and (2) the determination of crystallite size. Other properties that may be determined are atomic arrangement or crystallographic arrangement of ions in the substance, the shape of the nanoparticle, and the presence of lattice stress or strain. Identification of the nano-sized materials can give insight into the behavior of the substance: for example a carbonate mineral will be more soluble, or a heavy metal could be toxic (Harris et al. 2001; Jenkins and Snyder 2012; Langford and Wilson 1978; Uvarov and Povov 2007; Weidenthaler 2011; Whittig and Allardice 1986; Zhu et al. 1987 ).
Terminology

Related documents
The following documents are current standards used for characterization of particle size, reporting particle size analysis and terminology used. These documents are used to guide current research and preparation of materials for testing:
• 
Acronyms
The following acronyms and initialisms will be used throughout the text:
• SEM -Scanning electron microscopy 
Apparatus
An X-ray diffractometer instrument to perform XRD measurements and collect diffraction patterns -The instrument discussed herein is an X-Pert Pro Multipurpose Powder Diffractometer system that uses standard techniques for phase identification (Panalytical, Inc.). The run conditions included Co-Kα radiation and scanning from 2 to 70 º2θ (standard run) with collection of the diffraction patterns, accomplished by using the PC-based Windows version of X-Pert Pro Data Collector. Other XRD instruments can be used for this analysis along with other X-ray sources (e.g., Cu X-ray tube). Instrument-specific considerations for voltage and current settings, sample holders, etc. should be considered if using a different XRD instrument. However, the procedures described herein are generically applicable to multiple instruments.
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Procedure
Liquids, gels/ creams, polymers and solids, are only a few of the many types of materials that contain nanoparticles. The various supplies and apparatus needed to analyze these materials and procedures for sample preparation vary. The following procedures were used to characterize the nanoparticles:
Evaluate the material to be analyzed:
• Type of material to be analyzed 
Specimen preparation
Extraction of nanoparticles for XRD
When a liquid is being prepared for XRD, the concentration of nanoparticles needs to be determined. If the levels in the sample are in the parts-per-millions range, the sample will need to be centrifuged to obtain enough nanoparticles for evaluation. It is important to evaluate the amount of sample received to determine the proper steps to be taken. Creams/gels and other types of material will have a specific way of sample preparation for the type of XRD being used and the amount of material received for analysis. Preparation techniques for polymers/plastics, fabrics, and solids are similar but also depend on the type of machine being used.
Specimen preparation for analysis
Liquids
1. Gather equipment needed: ZBP or glass slide, ZBP sample holder, sample boat or petri dish, and plastic pipette.
2. Drop liquid onto ZBP until a meniscus forms and covers most of the plate.
3. Place petri dish into decant box or an oven at no higher than 50°C and
Type of tube
The type of anode material, located in the X-ray tube, has specific wavelengths of the Kα radiation produced. Shorter wavelengths will lead the d-spacing to become less accurate and have less resolution. The most common anode used is copper (Cu -1.54Å), but chromium (Cr -2.29Å), iron (Fe -1.94Å), cobalt (Co -1.79Å), molybdenum (Mo -0.71Å), and silver (Ag -0.56Å) tubes are available. Depending on the type of samples that are typically run in the XRD being used, a tube that will yield the least amount of fluorescence should be selected (School of Crystallography, 2014).
Filtering for Kβ and Kα1 reduction
A white spectrum of X-rays is produced when the anode is excited, and filters are needed to reduce the spectra to a monochromatic spectrum. A metal foil filter is needed to remove the Kβ line from the spectra. Depending on the type of anode being used, the proper filter is usually a metal with one less atomic number than that of the anode. For example, a copper (Cu) anode needs a nickel (Ni) filter. Molybdenum (Mo) is an exception: it needs a zirconium (Zr) filter that has a 2 less atomic number. To reduce Kα1 radiation, a monochromator can be used. The most common types of monochromators are made from pyrolytic graphite, silicon, germanium, or quartz. These filters help to reduce background noise and allow for the Kα2 spectrum to be the primary band used to satisfy Bragg's Law (School of Crystallography 2014).
Scan settings
It is also important to understand the scan parameters when gathering an X-ray pattern. If a scan is taken too quickly, there will be too few data points gathered to allow for statistical soundness. Too many data points can cause excess overshadowing and cause run times to be unnecessarily long. A step size of less than or equal to 0.02 allows for adequate data points and statistically viable data to calculate full width half maximum (FWHM).
The scan range should be set to the type of material being evaluated. Clay mineral scans are typically taken between 2 and 35°2θ. Soil sample scans are taken between 2-70°2θ, while metals are measured from 30-100°2θ. Scans can take 45 min to 2.5 hr, depending on the range and step size being used.
Using software for data analysis
Many programs, such as the Jade2010 program (Materials Data, Inc.) or High Score plus (PanAlytical, Inc.) , are available for analysis of X-ray patterns. Prior to the advent of these computer programs, phase identification was performed by using a list of observed peaks from the obtained pattern and comparing it to a database of d-I (d spacing and intensity) such as the ICDD-PDF reference database. Computers can now search and match the PDF files and compare them to the entire pattern more quickly and efficiently. Once minerals and/or amorphous material are identified to one's satisfaction, a whole pattern fit (wpf) can be performed to obtain the percentages of each mineral identified. Some programs can also be used to identify crystallite size, strain, and stress.
Reporting
Analysis of results
Analysis techniques have changed over time with the advent of technology. Prior to computers, patterns and crystallite size were all calculated by hand using Bragg's law and Scherrer's equation, etc. (Langford and Wilson 1978) . Computer programs, such as Jade 2010 (MDI) and High Score Plus (Panalytical), now allow for quick computation of mineral identification, crystallite size, and stress/strain. The advancement of these programs has allowed the analysis of one component at a time (e.g., mineralogy) or various components simultaneously.
(Note: The following procedures are based on the use of Jade2010 software, the software the authors typically use. Other programs may have variations in the steps taken in analysis of X-ray patterns.)
When analyzing X-ray patterns, one should first look at the pattern itself and ascertain that the peaks identified are valid. Adjustments to the peak height threshold may be needed to remove or add peaks. In some instances, the program does not differentiate broad short peaks or the presence of amorphous humps from background noise.
A search match for mineral identification is then started. The program uses the PDF databases to compare known patterns to the pattern obtained. At this point, knowing as much as possible about the sample (i.e., where the sample came from) will help with the selection of minerals. For example, Calcite, Aragonite, and Vaterite are all CaCO3; but they do not form under the same conditions. After all peaks are accounted for, the wpf is started.
During wpf analysis, many variables have to be considered. Not all patterns are the same, and some settings will vary based on the pattern obtained.
Key results provided
The main principle one should obtain from this SOP is that techniques for sample preparation vary for different material types. Identification of the mineral constituents and the determination of crystallite size will be dependent on the instrumentation and software used during analysis.
